Copy for the Elected Office (EOAJS) 

^TENT COOPERATION TR TY 



PCT/DKOO/00348 



From the INTERNATIONAL BUREAU 



PCT 

NOTIFICATION OF THE RECORDING 
OF A CHANGE 

(PCT Rule 92bis.1 and 
Administrative Instructions, Section 422) 


To: 

PLOUGMANN & VINGTOFT A/S 
Sankt Annae Plads 11 
P.O. Box 3007 
DK-1021 Copenhagen K 
DANEMARK 


UaVS UI •flalliny ^Udy/filUlllli/ycoi j 

21 January 2002 (21.01.02) 


Applicant's or agent's file reference 
22769 PC 1 


IMPORTANT NOTIFICATION 


International application No. 
PCT/DKOO/00348 


International filing date (day/month/year) 
28 June 2000 (28.06.00) 



1. The following indications appeared on record concerning: 
1 [ the applicant the inventor X the agent |^ the common representative 


Name and Address 

PLOUGMANN, VINGTOFT & PARTNERS A/S 

Sankt Annae Plads 11 

P.O. Box 3007 

DK-1021 Copenhagen K 

Denmark 


State of Nationality 


State of Residence 


Telephone No. 

+45 33 63 93 00 


Facsimile No. 

+45 33 63 96 00 


Teleprinter No. 


2. The International Bureau hereby notifies the applicant that the following change has been recorded concerning: 
1 1 the person [x] the name the address |^ the nationality the residence 


Name and Address 

PLOUGMANN & VINGTOFT A/S 
Sankt Annae Plads 11 
P.O. Box 3007 
DK-1021 Copenhagen K 
Denmark 


State of Nationality 


State of Residence 


Telephone No. 

+45 33 63 93 00 


Facsimile No. 

+45 33 63 96 00 


Teleprinter No. 


3. Further observations, if necessary: 




4. A copy of this notification has been sent to: 
1 X[ the receiving Office | 
[ [ the International Searching Authority | 
I I the. International Preliminary Examining Authority | 


I the designated Offices concerned 
"x] the elected Offices concerned 
1 other: 



The International Bureau of WlPO 


Authorized officer 


34, chemin des Colombettes 


Anne KARKACHI 


1211 Geneva 20, Switzerland 




Facsimile No.: (41-22) 740.14.35 


Telephone No.: (41-22) 338.83.38 



Form PCT/IB/306 (March 1994) 004605192 



I/UNUU/UU.J40 



PATENT COOPERATION TREATY 





From the INTEKNATIONAL BUREAU 


PCT 

NOTIFICATION OF ELECTION 

(PCT Rule 61.2) 


To: 

Commissioner 

US Department of Commerce 
United States Patent and Trademark 
Office, PCT 

2011 South Clark Place noom 
CP2/5C24 

Arlington, VA 22202 
ETATS-UINIo U AMtniUUC 

in its capacity as elected Office 


Date of mailing (day/month/year) 
21 March 2001 (21.03.01) 


International application No. 
PCT/DKOO/00348 


Applicant's or agent's file reference 
22769 PC 1 


International filing date (day/month/year) 
28 June 2000 (28.06.00) 


Priority date (day/month/year) 
28 June 1999 (28.06.99) 


Applicant 

GREY, Hasin, Frangois de Charmoy et al ' 


1 . The designated Office is hereby notified of its election made: 


[x] in the demand filed with the International Preliminary Examining Authority on: 

29 January 2001 (29,01.01) 


Q in a notice effecting later election filed with the International Bureau on: 



2. The election was 

I [ was not 

made before the expiration of 19 months from the priority date or, where Rule 32 applies, within the time limit under 
Rule 32.2(b). 



The International Bureau of WlPO 
34, chemin des Colombettes 
121 1 Geneva 20, Switzerland 



Facsimile No.: (41-22) 740.14.35 



Authorized officer 

Charlotte ENGER 

Telephone No.: (41 22) 338.83.38 



Form PCT/IB/331 (July 1992) 



DK0000348 



PATENT COOPERATION TREATY 





From the INTERNATIONAL BUREAU 


PCT 


To: 


NOTIFICATION OF ELECTION 
(PCT Rule 61.2) 


Commissioner 

US Department of Commerce 
United States Patent and Trademark 
Office, PCT 

2011 South Clark Place Room 
CP2/5C24 

Arlington, VA 22202 

in its capacity as elected Office 


Date of mailing (day/month/year) 
20 March 2001 (20.03.01) 




International application Na 

Dr*T/Ri^rtn/nAQyio 
rv* 1 /Ul\UU/UUo*»o 


Applicant's or agent's file reference 
22769 PC 1 


International filing date (day/month/year) 

28 June 2000 (28.06.00) 


rnonry aaie vaay/monin/yeai/ 
28 June 1999 (28.06.99) 


Applicant 




GREY, Hasin, Frangois de Charmoy et al 




1. The designated Office is hereby notified of its election made: 


[x\ in the demand filed with the International Preliminary Examining Authority on: 


29 January 2001 (29.01.01) 


1 1 in a notice effecting later election filed with the International Bureau on: 


2. The election | X| was 




1 1 was not 




made before the expiration of 19 months from the priority date or, where Rule 32 applies, within the time limit under 
Rule 32.2(b). 


The International Bureau of WlPO 
34, chemin des Colombettes 
1211 Geneva 20, Switzerland 


Authorized officer 

Charlotte ENGER 


Facsimile No,: (41-22) 740.14.35 


Telephone No.: (41-22) 338.83.38 


Form PCT/lB/331 (July 1992) 


DK0000348 



^TENT COOPERATION TREATY 

V I N OFT 

ft Partners 

From the 

INTERNATIONAL PREUMINARY EXAMINING AUTHORITY 



To: 



PLOUaiANN, VINGTOFT & PARTNERS A/S 

Sankt Annae PI ads 11 

P.O. Box 3007 

1021 Copenhagen K 

DANEMARK 



OF DEMAND BY CX3, 
PRELIMINARY 




0]<J UF RECEIPT 
PETENT INTERNATIONAL 
MINING AUTHORITY 



(PCT Rules S9J(e) and 61.1(b), first sentence 
and Adminisuadve Instructions, Section 601(a)) 



Date of mailing 
(daylmanthfyear) 



2 2. 02. Dt 



Applicant's or agent's file reference 
22769 PC 1 



IMPORTANT NOnnCATlON 



International application No. 
PCT/DK 00/ 00348 



International filing date ( day f month fyear) 
28/06/2000 



Priority date (daylmonthlyear) 
28/06/1999 



Applicant 

MIKROELEKTRONIK CENTRET (MIC) 



The applicant is hereby notified that this International Preliminary Examining Authority considers the following date as the 
date of receipt of the demand for international preliminary examination of the international application: 

29/01/2001 



This date of receipt is: 

[y] the actual date of receipt of the demand by this Authority (Rule 61.1(b)). 

I I the actual date of receipt of the demand on behalf of this Authority (Rule 59 J(e)). 

I I the date on v^ch this Authority has, in response to the invitation to correct defects in the demand 
(Form PCT/IPEA/404), received the required corrections. 

I I ATTENTION: That date of receipt is AFTER the expiration of 19 months from the priority date. Consequently, the 
election(s) made in the demand does (do) not have the effect of postponing the entry into the national phase until 30 
months from the priority date (or later in some Offices) (Article 39(1)). Therefore, the acts for entry into the national 
phase must be performed vnthin 20 months from the priority date (or later in some OfTioes) (Article 7.7). For details, si 
the PCTAppBeants Gki/di?. Volume II. 



I I (If applicable) This noUfication confirms the information given by telephone, facsimile transmission or in perscai 



4. Only where paragraph 3 applies, a copy of this notification has been sent to the International Bureau. 




Name and mailing address erf" the IPEA/ 



European Patent Office 
^111 D-S029S Munich 
.Sal TcL (+49^9) 2399-0, Tx: 523656 epmu d 
. Fax: ( + 49^9) 2399^)465 



Authorized officer 

KUEHL E H 

Tel. ( + 49^9) 2399-S729 



Form PCT/IPEA/402 (July 1998) P204S2 



09/02/2001} 



PCTi 

REQUEST 



The undersigned requests that the present 
. international application be processed 
according to the Patent Cooperation Treaty. 



For reccivine Office use only 



International Applicauon No? 



International Filing Date 



Name of receiving Office and "PCT International Application" 



App!icanl*s or agent's file reference 

(if desired) (12 characters maximum) 



22769 PC 1 



Box No. 1 TITLE OF INVENTION 

NANOMETER- SCALE MODULATION 




BoxNo. li APPLICANT 


Name and address: (Family name folh-wed by given name: for a legal entity, fiiU official 
desiznoiiorC The address must include postai code and name of country. The country of the 
ad^ess indicated in this Box is the applicant s State (thai is, counxry) of residence if noState 
of residence is indiciated below.) 

Mikroelektronik Centret (MIC) 

The Technical University of Denmark (DTU) 

Building 345 East 

DK-2800 Lyngby 


1 1 This person is also inventor. 


TelepHonc No. 


Facsimile No. 


Teleprinter No. 


State (that b. country) of nationality: 
DK 


State (that is, country) of residence: 
DK 


This person is applicani i 1 all dcslgnaicd all designated States except 1 1 the United Slates 1 1 the States indkated in 

for tl£ purp<^es'6f: 1 1 States liU the Uniied States of Amenca LJ of America only | | the Supplemental Box 


Box No. Ill FURTHER APFLICANT(S> AND/OR (FURTHER) iNyENTOR(S) 


Name arid address: (Family name followed by given name; for a legal entity, full official 
designation. The address must include postal code and name of country. The counUy of the 
address indicated in this Box is the appficani 's State (that is. country) cf residence ifnoState 
cf residence is indicated below.) 

GREY, Hasin Fran<?ois de Charmoy 
Boi-dhusgade . 4 ,1 
bk- 1602 Copenhagen K 


This person is: 

j 1 applicant only 

[■^ 1 applicant and inventor 

j 1 inventor only (1/ this check-box 
' ' is marked, do not Jill in below.) 


State (that is, country) of nationality: 
GA 


Stale (that is, country*) of residence: 
DK 


This person is applicani I 1 all designated f | all designaied Stales except fyH the United States 1 | the States indicated in 

for Ihe purposes of: 1 1 States t 1 the United States of Amenca L±J of America only 1 1 the Supplemental Box 


1 1 Fuither applicants and/or (further) inventors arc indicated on a continuation sheet. 


Box No: IV AGENT OR COMMON REPRESENTATIVE; OR ADDRESS FOR CORRESPONDENCE 


The person identified below is hereby/has been appointed to act on behalf nn | | common rcprcscnUlivc 
of the applicant($) before the competent Interriational Authorities as: L — 1 * l_J 


. Name and address: (Fdmily nwne followed by given name; for a legal efaity, fidl official 
designation. The address must include postal code and name of country.) 

PLOUGMANN; VINGTOFT & PARTNERS A/S 
Sankt Annae Plads 11 
P.O.Box 3007 
DK-1021 Copenhagen K 


Telephone No. 

+45 3363 9300 


Facsimile No. 

+45 3363 9600 


Teleprinter No. 


1 — 1 Address for correspondence: Mark this check*box where no agent or coiinmpn representative is/has been appointed and the 
1 i <:pace above is used instead to indicate a special address to which correspondence should be sent. 



Form PCT/RO/IOI (first sheet) (July 1998; reprint January 2000) 



See Notes to the request form 



Continuation of Box No. Ill FURTHER APPUCANT<S) AND/OR (FURTHER) INVENTOR(S) 


If^none of the J^^^^ng sub-boxes is used, this sheet should not be^^^^ed in the request. 


Name and address: (Family name wuowed by given name: far a legal entity, full ojficial 
designation. TTte address must incntde postal code and name of country. The country of the 
addPess indicated in this Box is the applicant 5 State (that is, country) of residence if no State 
of residertce is indicated below.) 

FEIDENHANS^L, Robert Krarup 
M0llehusvej 64 
DK-4000 Roskilde 


This person is: 

I j applicant only 

\ X 1 applicant and inventor 

1 \ inventor only (If this check-box 
is marked, do not fill in below.) 


Sim (that is, country) of nationality: 
DK 


State (that is. country) of residence: 
DK 


This person is applicant i i all designaied | i all dcsijgnatcd Stales except the United Stales i 1 the Slates indicated in 

for the purposes of: 1 1 Slates 1 1 the United Slates of America 1 a| of America only | | the Supplemental Box 


Name and address: (Family name followed by given name: for a legal entity, fall official 
designation. The address must include postal cc^e and name of country. The country of the 
address indicated in this Box is the applicant s State (that is, country) of residence if no State 
of residence is indicated below.) 

VEDDE, Jan 

J.N. Vinthersvej 5 

DK-3460 Birker0d 


TTiis person is: 

1 1 applicant only 

|X 1 applicant and inventor 

1 1 inventor only (If this check-box 
is marked, do not fill ' in below.) 


Slate (that b, country) of nationality : 
DK 


State (that is, country) of residence: 
DK 


This person is applicant l l all designated 1 1 all designated States except rTTi the United States 1 1 ihc States indicated in 

for the purposes of: 1 1 States | | the United States of America 1 Xl of America only | | the Supplemental Box 


Name and address: (Family name followed by given name: for a legal entity, full official 
designation. The address must include postal code and name of country. The country of the 
address indicated in this Box is the applicant 's State (that is, country) of residence if no State 
of residence is indicated below.) 

NIELSEN, xMourits 
Nakskovvej 14, Veddelev 
DK-4000 Roskilde 


This person is: 

\ \ applicant only 

1 X 1 applicant and inventor 

1 1 inventor only (Ifthb check-box 
is marked, do not fill in below.) 


State (that is, coimtry) of nationality: 
DK 


State (that is, country) of residence: 
DK 


pjjs person is applicant l l all designated 1 1 all designated Slates except |— | the United States i 1 the Stales indicated in 

for the purposes of: 1 1 States | | the United States of America 1 XI of America only | | the Supplemenlai Box 


Name and address: (Family name followed by given name: for a legal entity, full official 
designation. The address must include postal code and name of country. The country of the 
address indicated in this Box is the apprtcani 's State (that is, country) oj residence if no State 
of residence is indicated below.) 

HOWES, Paul Bedford 
6 , Dean Road 
Hinckley 
Leicestershire . 
GB-LEIO ILG 


This person is: 

1 1 applicant only 

[x j applicant and inventor 

1 1 inventor only <yift*ic^ecA-6ar 
is marked do not fill in below.) 


State (that is, country) of nationality: 
GB 


Stale (that is, country) of residence: 
GB 



This person is applicant | l all designated l l all dcsiEnatcd States except I j the United States I 1 the Stales indicated m 

for the purposes of: I — I States I I the United Stales of America | | of America only | | the Supplemental Box 

I I I Further applicants and/or (further) inventors are indicated on another continuation sheet 

Form PCT/RO/IOl (continuation sheet) (July 1998; reprint January 2000) 2 2 7 6 9 PC 1 request forn 



Sheet No. 



Box No.V DESiCWATION OF STATES 



The fonowifig dcsignaUow «e hen^ made under Rule 4.9(8) (mark appiieabU check4>ao^; ct leaa one mua be marknQ: 

Regional Pateut ^ « - ^ 

□ AF AlOro Patent; GH<aiTO CM Gambia, KE Kenya, 15 Ixsol^ 

Protocol and M the PCT 

□ EA Enrasian Patent: AM Annenia, AZ AzefbaHan, BY Bclanis, KG^^ 

RO Russian Fcd«iaiioo,TJ Tajikistan, TMTuAmenistan, and any other Stale which isaCtontraclmgStalcoflhc Eorasisi Patent 
Convention and of the PCT 

□ EP ^^^^^1^^ 

MC Monaco. NXVfih3iidi Wp«^ Sweden, and any 

Convention and of the PCT ^ ^„ - ^ 

ra OA OAPI Pa(eat< BF Buricina Faso. BJ Benin, CF CenHal African Republic, CG CongD, CI d 1 votr^ CM Caroerpon, 

other State which is arocmbcr Stale of OAPI and aCOnt^^ 

specif on dotted line) 

Nattonal Patent ffoiherlivMicfproeectionorireatnmntdesMspec^ 

^ AE United Arab Emirates Q LR Liberia 

H AL Albania 13 LS JLxsotho 

B AM Anncnia E3 LT Lithuania 

B AT Austria . . . 3nd. .u.til.i t.y . model Q LU Luxembourg 

^ AU Australia B LV Latvia 

03 AZ Azerbaijan B MA Morocco 

H BA Bosnia and Herzegovina 0 MD Republic of Moldova 

Q BB Barbados B MG Madagascar 

Q EG Bulgaria E3 MX The former Yugoslav Republic of Macedonia 

§ BR Brazil 

© BY Belarus El MN Mongolia 

HCA Canada H MW Malawi 

E3 CH and LI Switzerland and Liechtenstein E3 MX Mexico 

B CN China 0 NO Norway 

□ CR Costa Rica □ fiZ New Zealand 

E3 CV Cuba H PL Poland 

B CZ Czech Republic . 3n d. .u t-i 1 l-t y . .rao^e 1 EJ PT Portugal 

H I>E GcTTnany . . -a nd • u-t i-l-i t-y - mo d-e 1 • - E) RO Romania 

B DK Dcnniaric . . .a nd . U-t iXi t.y . mod.e 1 - • - B RU Russian Federation 

B DM Dominica El SD Sudan 

E3EE Estonia ^nd .u til i tjT . mode 1. _ gj 

O ES Spain Q SG Singapore 

□ n Finland and . 1 1 i ty . jnodel. . . Q si Slovenia 

Ea CB United Kingdom Q SK Slovakia , . . 9.n ^ . .V.t.4 J.i . jnode X , 

Q CD Grenada B SL Sierra Leone 

B GE Georgia B T J Tajikistan ■ 

□ GH Ghana B TM Tuitanenistan 

Q CM Gambia EI TR Turkey 

ES^UR Croatia S TT Trinidad and Tobago 

E3 HU Hungary B Ti* United RepuUic of Tanzania 

H ID Indonesia 0 UA Ukraine 

B IL Israel 0 UG Uganda 

B IN India B VS United Stales of America 

QlS Iceland • 

Q JP Japan El UZ Uzbckistai .1 < 

El KE Kenya H VN Viet Nam 

EI KG Kyrgyzstan B YU Yugoslavia * 

El KF Democratic Pcpj>le*s Republic of Korea .... B ZA SouA Africa • 



Eel ZW Zimbabwe 



0 KR Republic of Ko,» .^.Ut4J4.1af .U-P^ftU 1 S^'^VS^P^ ^SlS^S'&.^SJS "'"'"^ 



Bkz Kazakhstan q DZ Algeria 



PrccaotiooaryDcsisBatioD statement: In additioa to the designations made above, the appOcam also inakesuaderllule 4. 
designations which would be pemutled under the PCT except any dcsignaiion(s) indicated in the Suppleroo^ Box » being ocfaided 
from the scope of this s tM exuaiL Hie ^ipticait declares tfiat those additional deslgnatioiis are sutjcct to confsmatkm aod tM t aiqr 
desjgnaionvyhich is not confiiroed before the cyiration<^l5i« 
tbecsqiiratioaofthaitimeBnut fCo^fimOSon (indu(£ngfees) must reach the receivv^Offkzwi^ 



Form PCT/ROriOl (second sheet) (laooaty 2000) See Notet t0 the nqueafirm 

22769 PC 1 



Box No. VI PRIORITY CLAIM 



□ 

Further prioriiy claims arc indicated in ihe Supplemental Box. 



Filing date 
of earlier application 
(day/month/year) 



# 



Number 
lier application 



Wh 



national application: 
country 



I ier- application is: 



regional OfTice 



international application: 
receiving Office 



item(1) 

28 June 1999 
(28 .06. 1999) 
item (2) 



PA 1999 00918 



DK 



item (3) 



[3c| The receiving Ofljcc is requested to prepare and transmit to the International Bureau a certified copy 
of the earlier application(s) (onfy if the earlier application was filed with the Office which for the 
purposes of the present international application is the receiving Office) identified above as ilcm(s): 

• Where the earlier application is an ARJPO application, U is mandatory to indicate in the Supplemental Box at least one country oartv to ihe Paris 
Convention for the Protection of Industrial Property for which that earlier appiication was ff led (Rule 4J0(b)(ii)). See SupplementoiBax, 



(1) 



Box No. VII INTERNATIONAL SEARCHING AUTHORITY 



Choice of International Searching Authority (ISA) 
(if two or more International Searching Authorities are 
competent to carry out the internationat seorcJt, indicate 
the Authority chosen: the tivo-letter code may be used/. 

ISA/ EP 



Reqi^st to use results of earlier search; reference to that search Of an earlier 
search has been carried out by or requestedfrom the International Searching Authority). 



Date (day/monthfyear) 



Number 



Country (or regional Office) 



Box No, VIII CHECK LIST; LANGUAGE OF FILING 



This international application contains 
the following number of sheets: 

request : 4 

description (excluding n q 

sequence I i st ing part) : 

claims : 4 

abstract 1 

drawings : 4 

sequence listing part 
of description 



Total number of sheets : 33 



This international application is accompanied by the item(s) marked below: 

1. B fee calculation sheet 

2. □ separate signed power of attorney 

3. □ copy of general power of attorney; reference number, if any: 

4. Q statement explaining lack of signature 

5- □ priority documcnt(s) identified in Box No. VI as item(s): 

6. Q translation of international application into (language): 

7. □ separate indications concerning deposited microorganism or other biological material 

8. □ nucleotide and/or amino acid sequence listing in computer readable fom 

^: Q other (specify): 



Figure of the drawings which 
should accompany the abstract: 



Language of Tiling of the pw-fl •« "^H 
international application: "^"^ J. X sn 



Box No. IX SIGNATURE OF APPLICANT OR AGENT 



Next to each signature, indicate the name of the person signing and the capacity in ivhich the person signs ffsuch capacity is not obvious fiom reading the request). 

Copenhagen, 28 June 2000 
Plougmann, Vingtoft & Partners 
Nils gia^ctJE'^T^rbak 




] . Date of actual receipt of the purported 
international application: 


2. Drawings: 
1 1 received: 

t 1 not received: 


3, Corrected dale of actual receipt due to later but 
timely received papers or drawings completing 
the purported international application: 


4. Date of timely receipt of the reauired 
corrections under PCT Article 1 1 (2): 


5. International Searching Authority |« * / 
(if two or more are competent): i "^A / 


6. 1 1 Transmittal of search copy delayed 
1 1 until search fee is paid. 



Date of receipt of the record copy 
by the International Bureau: 



For International Bureau use only , 



Form PCT/RO/IOI (last sheet) (July 1998; reprint Januaiy 2000) 



22769 



See Notes to the request form 



PATENT COOPERATION TREATY 



POT 




INTERNATIONAL SEARCH REPORT 

(PCT Article 18 and Rules 43 and 44) 



Applicant's or agent's file reference 
22769 PC 1 


FOR FURTHER see Notification of Transmittal of International Search Report 
ACTION PCT/ISA/220) as well as. where applicable, item 5 below. 


International application No. 

PCT/DK 00/00348 


International filing date (day/month/year) 

28/06/2000 


(Earliest) Pnority Date (day/montb/year) 

28/06/1999 



MIKROELEKTRONIK CENTRE! (MIC) 



This International Search Report has been prepared by this International Searching Authority and Is transmitted to the aoDlicant 
according to Article 1 8. A copy is being transmitted to the International Bureau. ohh"^*" 

This International Search Report consists of a total of 3 sheets. 

[XJ It is also accompanied by a copy of each prior art document cited in this report. 

1 . Basis of the report 

a. With regard to the language, the international search was canied out on the basis of the international aoDlication in the 
language in which it was filed, unless othenwise indicated under this item. 

' Autho^fRSl^^^^^ carried.out on the basis of a translation of the international application fumished to this 

b. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search 
was earned out on the basis of the sequence listing : s>can.M 

I I contained in the international application In written form. 

I I ^iled together with the international application in computer readable form. 

I I furnished subsequently to this Authority in written form. 

I I furnished subsequently to this Authority in computer readble form. 

□ the statement that the subsequently fumished written sequence listing does not go beyond the disclosure in the 
international application as filed has been furnished. 

fufnfshed"^^"* information recorded in computer readable form is identical to the written sequence listing has been 

2. Q Certain claims were found unsearchable (See Box I). 

3. Q Unity of Invention Is lacking (see Box 1 1). 

4. With regard to the title, 

[X] the text is approved as submitted by the applicant. 

I I the text has been established by this Authority to read as follows: 



5. With regard to the abstract, 

fX] the text is approved as submitted by the applicant. 

n *^.f J®'^ been established, according to Rule 38.2(b). by this Authority as it appears in Box ill. The applicant may 
^ within one month from the date of mailing of this international search report, submit comments to this Authority. 

6. The figure of the drawings to be published with the abstract is Figure No. J 

□ as suggested by the applicant. Q None of the figures. 

Pn because the applicant failed to suggest a figure. 

I I because this figure better characterizes the invention. 



Form PCT/ISA/210 (first sheet) (July 1998) 



INTER 



ONAL SEARCH REPORT 



>nal Application No 

PCi/DK 00/00348 



A. CLASSIRCA710N OF SUBJECT HATTER 

IPC 7 B82B1/0O H01L21/02 H01L21/18 



According to Internationa] Patent Classification (IPC) or to both national classification and IPC 



B. RELDS SEARCHED 



Minimum documentation searched (classification system followed by dassificalion symbols) 

IPC 7 B82B H01L 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data t»se consisted during the International search (name of data base and» wtiere practical, search terms used) 

EPO- Internal 



g DOCUMENTS CONSIDERED TO BE RELEVANT 



Category" 



Citation of document with irxlication. where appropriate, of the relevant passages 



Relevartt to daim No. 



us 5 888 885 A (XI E YA-HONG) 
30 March 1999 (1999-03-30) 
the whole document 

US 5 802 232 A (KOZA MARK A ET AL) 
1 September 1998 (1998-09-01) 
the whole document 

US 5 747 180 A (BANDYOPADHYAY SUPRIYO ET 
AL) 5 May 1998 (1998-05-05) 
the whole document 

US 5 614 435 A (KRISHNAMURTHY MOHAN ET 
AL) 25 March 1997 (1997-03-25) 
the whole document 



7- 



1-29 



1-29 



1-29 



1-29 



1 X| further documents are listed in the continuation of box C. 


[X 1 Patent famfly members are listed in annex. 


Special categories of cited documents : 

"A* document defining the general state of the ait which ts not 
considered to be of particular relevance 

'E* earlier document but putsfished on or after the mtennational 
filing date 

'L* document which may tfirofw doubts on priority claim(s) or 
which is cited to establish the pubUcation date of another 
citation or other special reason (as specified) 

*0* document referring to an oral disclosure, use. exhOsition or 
other means 

'P' document published prior to the international filing date but 
later than the priority date claimed 


T* later document published after the international filing date 
or priority date and not in conflict with tfie application but 
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I. Basis of the report 

1 . With regard to the elements of the international application (Replacement sheets which have been furnished to 
the receiving Office in response to an invitation under Article 14 are referred to in this report as "originally filed" 
and are not annexed to this report since they do not contain amendments (Rules 70. 16 and 70, 1 7)y, 
Description, pages: 

1-19 as originally filed 

Claims, No.: 

1 -29 as received on 1 8/09/200 1 with letter of 1 5/09/200 1 

Drawings, sheets: 

1/4.4/4 as originally filed 

2. With regard to the language, all the elements marked above were available or furnished to this Authority in the 
language in which the international application was filed, unless otherwise indicated under this item. 

These elements were available or furnished to this Authority in the following language: , which is: 

□ the language of a translation furnished for the purposes of the international search (under Rule 23.1(b)). 

□ the language of publication of the international application (under Rule 48.3(b)). 

□ the language of a translation furnished for the purposes of international preliminary examination (under Rule 
55.2 and/or 55.3). 

3. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the 
international preliminary examination was carried 01^ on the basis of the sequence listing: 

□ contained in the international application in written form. 

□ filed together with the international application in computer readable fomi. 

□ furnished subsequently to this Authority in written form. 

□ furnished subsequently to this Authority in computer readable form. 

□ The statement that the subsequently furnished written sequence listing does not go beyond the disclosure ir. 
the international application as filed has been furnished. 

□ The statement that the information recorded in computer readable form is identical to the written sequence 
listing has been furnished. 

4. The amendments have resulted in the cancellation of: 

□ the description, pages: 

□ the claims, Nos.: 
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□ the drawings, sheets: 

5. □ This report has been established as if (some of) the amendments had not been made, since they have been 
considered to go beyond the disclosure as filed (Rule 70.2(c)): 

(Any replacement sheet containing such amendments must be referred to under item 1 and annexed to this 
report.) 



6. Additional observations, if necessary: 



V. Reasoned statement under Article 35(2) with regard to novelty, inventive step or industrial applicability; 
citations and explanations supporting such statement 

1. Statement 



Novelty (N) 


Yes: 


Claims 


5,6,11,12 




No: 


Claims 


1-4,7-10,12-29 


Inventive step (IS) 


Yes: 


Claims 


5,6,11,12 




No: 


Claims 


1-4,7-10,12-29 


Industrial applicability (lA) 


Yes: 


Claims 


1-29 




No: 


Claims 





2. Citations and explanations 
see separate sheet 



VIII. Certain olbservatoons on the ihternational application 

The following observations on the clarity of the claims, description, and drawings or on the question whether the 
claims are fully supported by the description, are made: 
see separate sheet 
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Section V 

1 . Reference is made to the following documents: 

D1 : US-A-5 802 232 (KOZA MARK A ET AL) 1 September 1998 (1998- 
09-01) 

D2: US-A-5 888 885 (XIE YA-HONG) 30 March 1 999 (1 999-03-30) 

2. Objections of lack of novelty or of lack of inventive step are made with 
regard to claim 7, having regard to D2, cf . Figs.2-4 & corresponding text. 

In this regard, attention is drawn to the following: 

The feature of the crystallographic orientation of the epitaxial buffer layer 
on the (100) single crystal silicon is not explicitly disclosed (hence the 
nature of the objection), however it is either implicit or immediately 
apparent to the skilled person from the text, col.2 lines 15-32, that a GeSi 
epitaxial buffer layer having a different lattice parameter & a different 
crystal composition to the silicon means that the GeSi has a different 
crystal axis to that of Si - this is certainly so at any point immediately 
beyond the interface region. The periodic pattern extends inbetween the 
crystal regions, cf. Abstract & corresponding Figure. Furthermore, it is 
noted that, in D2, the materials are also bonded. 

2. 1 An objection of lack of novelty or of lack of inventive step is made of claim 
1 , having regard to D2, cf . Figs.2-4 & corresponding text, by inspection. 

3. Accordingly, the subject-matter of claims 1 & 7 does not meet the 
requirements of Arts. 33(2) & (3) PCT. 

4. With regard to claims amended by the additional matter of any of the 
dependent cJalms 2-4,8-10 or 13-29, attention is drawn to Dl & D2, 
whereby such subject-matter appears to be erlher disclosed direclJy or 
relates to an obvious alternative lo the disclbssire of these docurr er^ts. 
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5. Regarding a claim 1 (& correspondingly, claim 7) amended to incorporated 
the subject-matter of claims 5,6 (& correspondingly, claims 11,12, clarified 
to overcome the objections set out in Section VIII below and making 
mention of "fusion bonding", such subject-matter would appear neither to 
be known from or be obvious with respect to the available prior art. 

Section VIII 

1. The claims 1 & 7 wording "crystalline elements" is unclear since the 
terminology includes polycrystalline material and thus causes confusion 
concerning the meaning of the further claimed feature "predetermined first 
(and second) crystal axis". 

Further confusion is created by the wording "predetermined first crystal 
axis", "predetermined second crystal axis" in relation to these same (or 
even perhaps different materials), which axes are to be different. Firstly, it 
cannot be envisaged how two connected groups of silicon (being the same 
material) can possibly have a different crystal axis: if different 
crystallographic directions are intended, then this is not evident from the 
claim. Secondly, even if a different direction was specified, having regard 
to the available disclosure, it would still not be apparent what would be 
meant for the following reason. 

In any heteroepitaxial growth in which a material of a different lattice 
constant is present to that of the substrate would have an interface region 
where the crystal axis is the same, further regions in the vicinity of this 
interface would then have different crystal axes, hence the claimed subject- 
matter is ambiguous & moreover cannot be distinguished from, e.g. D2, cf. 
objections of Section V. 

The above objection applies also to the subjiact-matter of claims 2,3,8,9. 
Sec tion VII 
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1. Contrary to the requirements of Rule 5.1(a)(ii) PCI, the relevant 
background art disclosed in the documents D1-D2 are not mentioned In the 
description, nor are these documents identified therein. 

2. The features of the claims are not provided with reference signs placed in 
parentheses (Rule 6.2(b) PCT). 
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NANOMETER-SCALE MODULATION 

FIELD OF THE INVENTION 

5 The present invention relates to techniques for fabricating artificial periodic structures 
in crystals and at crystal interfaces and surfaces. In particular the present invention 
relates to techniques for fabricating nanometer>scale periodic strain patterns near the 
interface between two crystals, where the strain extends some distance away from 
the interface. 

10 

The present invention further relates to the use of such strain patterns to generate a 
regular lattice of quantum dots or quantum wires for applications in electronic, optoe- 
lectronic and magnetic device fabrication. The present invention even further relates 
to the use of such strain patterns to generate a regular nanoscale lattice of controlled 
15 period at or near the free surface of a crystal for applications in diffractive optical 
systems, metrology and crystal growth. 

BACKGROUND OF THE INVENTION 

20 The most common way of making artificial periodic structures with nanometer-scale 
periods on crystals is by lithographic techniques such as photolithography and 
electron beam lithography. Such periodic structures are of technological interest for a 
variety of applications in electronics and optoelectronics, especially on semiconductor 
crystals, in storage systems, especially magnetic storage, using magnetic materials, 

25 and in the production of diffraction grating, typically made of metallic materials. 

However, lithographic techniques have serious limitations. Optical lithography has 
limitations mainly in terms of the smallest feature sizes that can be generated, which 
due to diffraction effects are not smaller than half the wavelength of the light used, 
30 and in practice are considerably larger than this diffraction limit. For example, grating 
like modulation of GaAs/AIGaAs quantum wells has been achieved by use of an 
interference pattern from a laser, but the period of the fringes was limited to 2 ^im 
using 532 nm laser light. 
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Electron beam lithography can be used to make features with smaller periods. How- 
ever, the technology is slow if large areas on a surface must be patterned. And the 
regularity of the periodic pattern can be limited by aberrations of the electron optics. 
For example, Messica et al. describe an array of 25 metallic wires with a period of 
5 100 nm formed by e-beam lithography. 

In US patent US 5,532,510 a method is proposed for making periodic strain patterns 
by generating 1 0 nanometer-wide apertures by electron or ion beam lithography, but 
the issues of pattern regularity and processing speed are not addressed. 

10 

An alternative method for producing large scale, highly regular periodic patterns near 
crystal surfaces has been presented by Rocke et a!., and involves the use of surface 
acoustic waves to modulate the strain of the crystal. 

15 It is a disadvantage that this method is limited by the wavelength of the surface 
acoustic waves that can be generated (typically several microns), and is in any case 
cumbersome, as it requires external power to maintain the modulation. 

Low-dimensional systems In optoelectronics, and in particular towards the fabrication 
20 of so-called quantum wires and quantum dots have recently gained a lot of interest. 
Quantum wires and dots have dimensions in the range of 1-100 nm to provide suffi- 
cient confinement of electrons so that the desired quantisation effects are detectable 
at room temperature. Quantum wires induced by periodic strain have been made by 
the technique of cleaved-edge overgrowth. 

25 

It is a disadvantage that the above-mentioned technique is based on growing alter- 
nating layers of different materials by molecular beam epitaxy, which is rather cum- 
bersome for the production of structures with more than a few periods. 

30 It is a further disadvantage that there is no obvious way to extend the above-men- 
tioned technique to fabricate regular arrays of quantum dot structures. 

There is an extensive literature on the formation of arrays of quantum dot structures 
by so-called Stranski-Krastanov growth, whereby an overgrown material spontane- 
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ousiy forms nanometer scale islands on a surface, rather than growing in a layer by 
layer fashion. For example, Sopanen et al. have used the elastic strain induced by 
such islands to modulate the electronic structure of a semiconductor layer buried be- 
neath the surface. The limitations of this technique for forming regular periodic struc- 

5 tures are the lack of control over the regularity and periodicity of the array of islands. 
Multilayer techniques may improve the uniformity of the size and spacing of the is- 
lands, as described by Tersoff et al. and in US Patent US 5,614,435. However, these 
techniques result in something that is still very far from the perfection of a single cry- 
stal lattice. Another approach to making regimented arrays using electrochemical 

10 techniques to form arrays of etch pits on which the islands nucleate is described in 
US 5,747,180. But again, regularity is only achieved in a statistical sense. 

Bonding of crystal wafers has been used to form substrates that are suitable for epi- 
taxial growth of other materials, as described in US Patent US 5,294,808. However, 
15 US Patent 5,294,808 pays no attention to the use of any periodic structure 

generated at the bonded interface, and indeed depends on a lack of strain at the 
interface. 

The strain at a bonded interface of two gold crystals has been investigated by Sass 
20 et al. and Taylor et al. However, these authors do not consider the possibility that 
this strain may effect the electronic properties of the crystals, or the possibility of 
using this strain at the surface of a crystal to modulate materials grown on top of the 
crystal. 

25 From the above discussion, it appears that no technique is currently available for fa- 
bricating highly regular periodic structures over large areas of a crystal with periodici- 
ties in the range 1-100 nm. Furthermore, no attention has been drawn towards the 
used of such highly periodic structures. 

30 It is an object of the present invention to utilise the periodically induced strain ex- 
tending from an interface to modify the electronic and/or mechanical structure of a 
material in a controlled way so as to achieve a desired and technologically useful re- 
sult. 
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It is a further object of the present invention to provide a technique for fabrication of 
highly regular periodic strain modulation in a crystal with periods in the range 1-100 
nm. 

5 It is a still further object of the present invention to provide a substantially periodic 
structure formed over large areas of a crystal interface by bonding of two crystal wa- 
fers. 

It is an advantage of the present invention that the periodic strain structure can be 
10 fabricated to extend some significant distance away from the interface, of order 1-10 
nm, and that this depth is controllable. 

It is a further advantage of the present invention that the regularity of the fabricated 
periodic structure, which is given by the regularity of the crystal lattices on either 
15 side of the interface, may be extremely high. 

SUMMARY OF THE INVENTION 

The above-mentioned objets are complied with by providing, in a first aspect, a 
20 method for providing a substantially periodic pattern, said method comprising the 
steps of: 

- providing a first group of crystalline elements being formed by the same mate- 
rial and having a predetermined first crystal axis, 

25 

- providing a second group of crystalline elements being formed by the same 
material and having a predetermined second crystal axis being different from 
the first crystal axis, and 

30 - bringing the first and second group of crystalline elements into contact with 

each other. 
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In a second aspect, the present invention relates to an article comprising: 

- a first group of crystalline elements being formed by the same material and 
having a predetermined first crystal axis, 

5 

- a second group of crystalline elements being formed by the same material and 
having a predetermined second crystal axis being different from the first crystal 
axis, 

10 wherein the first and second group of crystalline elements are adjacently positioned 
so as to form an interface region between the first and second group of crystalline 
elements, at least part of said interface region defining a substantially periodic 
pattern extending in at least one direction. 

15 The material forming the first group of crystalline elements may comprise a semicon- 
ductor material, such as silicon or gallium arsenide. Similarly, the material forming the 
second group of crystalline elements may comprise a semiconductor material, such 
as silicon or gallium arsenide. Alternatively, the materials forming the first and 
second group of crystalline elements may comprise an insulator material, such as 

20 diamond or sapphire. 

The orientation of the crystal axes of the two wafers may differ in two different 
ways. There may be a twist angle between the crystal axes such that the in-plane 
axes of first crystal axis are rotated an angle 9 relative to second crystal axis at the 
25 time of bonding. 

There may also be a tilt angle cp the crystal axes. This can be achieved by cutting the 
surface of one of the crystals at a tilt angle 9 to the main crystal axes in the direction 
normal to the surface. 

30 

The tilt and twist of interest are typically in the range 0 degrees to 20 degrees, and 
in particular small angles in the range 0 degrees to 5 degrees. At larger angles, tilt is 
usually described in terms of the crystal facet index. At larger twist angles, the peri- 
odic interface structure is usually described in terms of coincidence site lattices. 
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The first crystal axis may differ from the second crystal axis by a twist angle 0, 
where 0 may be within the range 0,1-10°, such as in the range 0,2-9°, such as in the 
range 0,3-8°, such as in the range 0,5-7°, such as in the range 1-5°. 

5 Alternatively or in addition, the first crystal axis may differ from the second crystal 
axis by a tilt angle <p, where <p may be within the range 0,1-10°, such as in the range 
0,2-9°, such as in the range 0,3-8°, such as in the range 0,5-7°, such as in the range 
1-5°. 

10 In the third aspect, the present invention relates to a laser comprising: 

- an article according to the second aspect of the present invention, the article 
further comprising: 

15 - a material or a material system so as to form an array of quantum dots 

and/or quantum wires at or near the interface region, wherein the further ma- 
terial or material system distributes according to the substantially periodic 
pattern, and 

20 - means for providing a pump signal for pumping the material or material sy- 

stem so as to emit electromagnetic radiation. 

The material or material system forming the array of quantum dots and/or quantum 
wires may comprise a semiconductor material, such as gallium, arsenide or indium or 
25 any combination thereof. Furthermore, the material or material system forming the ar- 
ray of quantum dots and/or quantum wires has a thickness smaller than 200 nm, 
such as smaller than 150 nm, such as smaller than 100 nm, such as smaller than 80 
nm, such as smaller than 50 nm. 

30 The material or material system forming the array of quantum dots and/or quantum 
wires may be overgrown with an additional material, such as silicon or gallium arse- 
nide. 
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The pump signal may comprise electromagnetic radiation in the radio frequency, visi- 
ble or near-infrared range. The pump signal may also comprise a direct or alternating 
electric cun-ent passed through the quantum dots to stimulate the emission of radiation. 
The emitted electromagnetic radiation may be in the visible or near-infrared range. 

In a fourth aspect, the present invention relates to an object for calibrating an instrument, 
said object comprising: 



- an article according to the second aspect of the present invention, wherein 
10 the substantially periodic pattern is transferred to a surface of the article. 

The transferring of the substantially periodic pattern to the surface may comprise re- 
moving at least part of the first or second group of crystalline elements by etching. 
Alternatively, the transferring of the substantially periodic pattern to the surface may 
15 comprise removing at least part of the first or second group of crystalline elements 
by chemical-mechanical polishing. 

The transferred substantially periodic pattern is adapted to hold an additional 
material, such as a metal. 

20 

In the fifth aspect, the present invention relates to an element for splitting an incom- 
ing beam into one or more outgoing beams, said element comprising: 



- an article according to the second aspect of the present invention, wherein 
25 the incoming beam is incident on at least part of the substantially periodic 

pattern, said incoming beam having a first propagating direction, and wherein 
the one or more outgoing beams are reflected or transmitted by at least part of 
the substantially periodic pattern in one or more propagation directions being 
different from the first propagation direction. 

30 

In a sixth aspect, the present invention relates to an object for magnetically storing 
information, the said object comprising 
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- an article according to the second aspect of the present invention, wherein 
the substantially periodic pattern is transferred to a surface of the article, said 
transferred substantially periodic pattern being adapted to hold a plurality of 
magnetic structures so as to form a plurality of magnetic domains. 

5 

The plurality of magnetic structures may comprise iron, cobalt, chromium or any 
combination thereof. The plurality of magnetic structures are arranged according to 
the substantially periodic structure. The plurality of magnetic structures may be over- 
grown with a non-magnetic material. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 illustrates the displacement field near the interface of two crystals bonded at 
their (001) surfaces at a twist angle G. (A) The bonding produces atomic displace- 

15 ments within a layer of characteristic thickness t. (B) Grid illustrating the modulation 
of the atom positions in a layer perpendicular to the interface. (C) The two atomic la- 
yers on either side of the Interface, illustrating the dislocation network of period d. 
The model described in the following section has been used to calculate the atom po- 
sitions in IB) and (C). The line ss in (C) shows where the layer in (B) cuts through the 

20 interface. 

Fig. 2. (A) The reciprocal lattice in a plane parallel to the interface. Pi and P2 are bulk 
Bragg (1 1 1) reflections and the cross indicate a satellite reflection. (B) The satellite 
reflection S in (A) scanned along the in-plane direction [h,h,0] at I = 1 , for a sample 

25 with a twist angle of 7.45°. The full width half maximum of the reflection is Ah = 
1.5 10"* in reciprocal lattice units {r.l.u.). (C) A series of scans through the satellite 
reflection S at I = 1, measured along the out-of-plane direction I, for twist angles 
between 0.41° and 7.45°. The abscissa Al measures the distance from the satellite 
point at I = 1. The solid curves are fitted Lorentzian-squared functions. A measured 

30 background intensity has been subtracted from all data points and the individual 
curves have been shifted vertically for clarity. 

Fig. 3. Open circles are the measured full width half maximum values w for scans 
along the out-of-plane direction I (a subset is shown in Fig. 2C) as a function of the 
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twist angle 9. The full line is calculated using the screw dislocation model described 
in the text. The inset shows the same plot on a linear scale. 

Fig. 4 shows the calculated displacements dy of atoms along the x direction in the in- 
5 terface plane, given relative to the unperturbed crystal far away from the interface at 
different layers 2 from the interface, for a twist angle of 0 = 4.4°. The open circles 
are calculated with the screw dislocation model described in the text. The solid lines 
are fitted sine functions. The amplitude of the sine function decays exponentially 
with z. The curves are shifted vertically for clarity. 

10 

DETAILED DESCRIPTION OF THE INVENTION 

Periodic elastic modulation of a semiconductor crystal on the nanometer scale gives 
rise to novel electronic and optical properties. For example, external elastic 
15 modulation of a buried quantum well can lead to the formation of quantum wires or 
quantum dots. 

Several methods have been developed to introduce a lateral periodic elastic modula- 
tion in the subsurface region of a semiconductor: cleaved edge overgrowth on a mul- 
20 tiple quantum well, subsurface strain due to self-organised nanoscale islands or sur- 
face acoustic waves. Each of these techniques has limitations in either the extent, 
regularity or temporal stability of the periodic modulation that can be produced. Alter- 
native methods to achieve lateral periodic elastic modulation extending a significant 
depth into a semiconductor are therefore of considerable interest. 

25 

Fusion bonding of two semiconductor wafers, where the orientation of one wafer is 
twisted with respect to the other by an angle 9 (see Fig. 1 A) results in the formation 
of a regular network of screw dislocations at the interface (see Fig. 1B,C), as ob- 
served by transmission electron microscopy. The lattice spacing d of the dislocation 
30 network is given by: 



(1) 



2sin(e/2) 
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where a = 5.43 A is the lattice constant of silicon, and a/V2 is the nearest-neighbor 
interatomic distance in the (001) interface plane. Such artificial twist grain 
boundaries have been studied extensively for gold bicrystals. Bonded semiconductor 
5 wafers have been studied at large twist angles (0 > 10°), where thin crystals become 
elastically compliant, indicating that the elastic perturbation of one crystal by the 
other is smalK 

The present invention focuses on small twist angles. It is demonstrated that the cha- 
10 racteristic thickness t of the elastic modulation, defined as the sum of the 

exponential decay lengths of the modulation amplitude to either side of the interface 
(see Fig. 1), is inversely proportional to the twist angle 6. 

The technique used to investigate the elastic modulation near the interface is 

15 synchrotron X-ray diffraction. The penetration of high intensity X-rays enables the 
non-destructive structural investigation of buried interfaces. The samples were 
prepared by direct wafer bonding, without an intermediate adhesive or oxide layer, 
which is a well-established technique for a wide variety of applications in 
microelectronics and micromechanics. The wafers used were 10 cm diameter 

20 commercial grade mirror-polished Si{001), 350 \im thick, and were stripped of their 
native oxide in a 5% HF solution prior to contacting in a class 100 clean-room. The 
contacted pairs were then annealed at 1 000°C for 1 hr in a nitrogen atmosphere to 
achieve high-strength silicon covalent bonding at the interface. Samples ("1 cm^) 
diced from wafer pairs that were bonded with twist angles between 0.4° and 7.5°. 

25 The tilt angle (miscut) of the wafers, defined as the misorientation of the physical 
surface relative to the crystallographic [001] direction, was less than 0.1°. To reduce 
X-ray absorption, one of the two bonded wafers was thinned to about 30 ^m by 
mechanical grinding followed by chemical etching. The X-ray measurements were 
performed at the undulator beamline ID32 at the European Synchrotron Radiation 

30 Facility (ESRF) and at the wiggler beamline BW2 at HASYLAB, using six circle 
diffractometers. 

The wavelengths used were 0.5254 A and 1 .24 A at ID32 and HASYLAB, respec- 
tively. Must of the experiments were performed at ID32, only one sample, where one 
of the wafers was thinned to 1.5 ^m was measured at BW2. The typical beam size 
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at sample at ID32 was 0.5mm vertical, 0.2mm horizontal. The samples were 
mounted in air with sample surface normal aligned with the co - rotation axis. The 
angle a between incoming x-ray beam and sample surface was kept constant during 
scans, typically a = 3°, giving a typical exit angle P = 2.5"*. For these angles and the 
5 quoted sample thickness, the total beam attenuation is about 30%. The detector slits 
before the sample was typically 0.5 x 0.5 mm^. The intensities along satellite rods 
were measured by measuring the peak and subtracting the average background from 
either side of the peak. Several rods were measured using the conventional co- 
integration and all gave the same results as obtained when both peak signal and 
10 background were measured more simply by scanning parallel to the rod. 

A superstructure of period, d, confined to a region near the bonded interface results 
in an array of Bragg reflections in the reciprocal space probed by X-ray diffraction. 
These reflections are elongated in the direction normal to the interface and spaced by 

15 27c/d in the plane of the interface. For a nearly harmonic displacement of the atomic 
positions, only the satellite reflections closest to the bulk Bragg reflections of the two 
crystals {see Fig. 2A) have significant intensity. Conventional cubic reciprocal lattice 
notation is used. The width Ah of these satellite reflections along the in-plane [h,h,0] 
direction in reciprocal space is inversely proportional to the lateral coherence length ^ 

20 of the periodic superstructure, 4 = (a/V2)/Ah. 

Fig. 2B shows a scan through a satellite reflection S close to the (iTl) Bragg reflec- 
tion of a bonded wafer pair with 0 = 7.45^. The peak width is Ah = 1 .5x10** in reci- 
procal lattice units and is resolution limited. From this value a lower limit to the cohe- 
25 rence length of ^ > 2|Lim is deduced. This is much greater than the typical terrace 
widths on a free surface, which are "1000 A for a miscut of 0.1^. This implies that 
the long-range order of the dislocation network is determined by the perfection of the 
bulk crystals rather than their surfaces. 

30 The satellite reflections closest to the (1 1 1) reflections were scanned along the out- 
of-plane direction for a set of seven bonded wafer pairs with different twist angles. 
Four examples are shown in Fig. 2C. The line shape of the measured reflections is fit- 
ted with a Lorentzian-squared function: 
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(2) 



where the full width at half maximum is w 



= 2byH2 - 1 and Al is the distance to the 



satellite point at I = 1 . For example, for 0 = 0.41^, a fit to the data in Fig. 2C of a 
Lorentzian line shape with p, the power of the Lorentzian, as a fit parameter, gives p 
= 2.07 ±0.10. A Lorentzian-squared function is the Fourier transform of a double- 
ID sided exponential decay function, in other words the elastic modulation decays expo- 
nentially to both sides of the interface. The characteristic thickness t is related to w 
a 

by ' = — - Thus, as the characteristic thickness t of the periodically modulated region 
Tib 

increases the satellite Bragg peaks sharpen along the l-direction, as shown in Fig. 2C. 

15 In Fig. 3, the measured width of these peaks is plotted against the twist angle 9, 
which can be accurately measured from the angular separation of the bulk Bragg 
peaks of the two crystals. A linear relationship between w and 0 is observed, which 
implies that t diverges as 0 tends to zero. 

20 The results are summarized in table 1 where the double exponential decay length t of 
the displacement field, as derived from the measured diffraction profiles 
perpendicular to the interface, is listed. The full width half maximum w is measured 
in reciprocal lattice units. The twist angle 9 and period d are shown in Fig. 1 . 
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d (A) 


w (r.l.u.) 


t (A) 


0.41° ± 0.05° 


230 


0.014 ± 0.001 


159 


1.34° ± 0.07° 


164 


O 039 + 0 003 


58 


1.40° ± 0.12° 


157 


0.050 ± 0.005 


45 


3.76° ±0.10° 


58 


0.147 ± 0.010 


14 


4.41° ± 0.10° 


50 


0.20 ± 0.02 


11 


5.74° ±0.10° 


38 


0.19 ± 0.02 


12 


7.45° ± 0.15° 


29 


0.34 ± 0.02 


6.5 



Table 1 



In order to interpret these results quantitatively, the displacement field has been 
5 simulated numerically for two simple cubic lattices, forming a square network of 
dislocations at their common interface. Using an analytical expression for the 
displacement field of a screw dislocation in a cubic lattice, the atomic displacement 
pattern due to a square array of screw dislocations spaced by N = d/a lattice 
parameters have been calculated. Assuming the crystal is elastically isotropic, the 
10 result is independent of the specific elastic constants of the crystal. 

Fig. 4 shows the lateral modulation. Ay, of the atomic positions along the in-plane x- 
direction of one of the cubic lattices f or N = 1 3 corresponding to 9 = 4.4'', for diffe- 
rent atomic layers at distance z from the interface. 

15 

In the simulations, the amplitude of the modulation of atomic positions decays expo- 
nentially with depth from the interface over several decades, in agreement with ex- 
periment. Further, the characteristic thickness t deduced from these simulations, 
when plotted as a corresponding peak width, agrees quantitatively with 

20 measurements (full line in Fig. 3), confirming the validity of this simple model. For 
Eqn. 1 in the small angle limit, d is inversely proportional to G, and so proportional to 
t. Although one might expect a higher density of screw dislocations to lead to larger 
displacements of atoms from their equilibrium positions and hence a larger depth of 
the modulation, in fact the opposite is observed. This can be understood qualitatively 

25 by noting that, at points between two parallel screw dislocations, the displacement 
field due to each screw dislocation has opposite sign and tends therefore to cancel 
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out. Thus at large twist angles, the effect of the dislocation network is strongly 
localized, and long-range elastic interaction between the crystal lattices is 
suppressed, consistent with the behavior of compliant substrates bonded at large 
twist angles. 

5 

In contrast, at small twist angles, the elastic modulation can be made to extend 
many nanometers into the silicon wafers. Indeed, the modulation penetrates much 
further into the crystals than the characteristic thickness t, due to the long 
exponential tails. 

10 

This effect could be used to modulate a buried quantum well in a semiconductor, re- 
sulting in a highly ordered quantum dot structure. The dominant component of the 
strain at the interface is shear strain. For a twist angle of 0 = 5° and at layer z = 5, 
a maximum shear strain of 1 ,5% is obtained from the above model. This is 

15 comparable to the strain amplitudes estimated for other modulation mechanisms. The 
elastically modulated region provides a regular lattice with periodicity in the range 1- 
1 0 nm, a range for metrology applications that is difficult to access with lithographic 
techniques. In this case, the modulated region could be exposed by etching to within 
a few nanometers of the interface. This modulated substrate could also be used as a 

20 template for overgrowth of periodically strained layers. 

It has been demonstrated that for a series of bonded Si{001) wafers with twist 
angles ranging from 0.4° to 7.5"* the atomic displacement field decays exponentially 
away from the interface with a characteristic length inversely proportional to the 
25 twist angle. The strong diffraction signal observed at small twist angles from the 
superstructure of the crystals allows a detailed line shape analysis of the measured 
rod profiles. The data strongly support a simple model for the interface structure, 
where the atomic displacements are determined by a square net of screw 
dislocations. 

30 The results described in the present text are results for silicon (001) with a twist 

boundary. However, as the simulations show, the elastic modulation due to a disloca- 
tion array is not sensitive to the detailed elastic properties of the material involved, 
but depends primarily on the spacing of the dislocations. A wide variety of materials 
can be successfully fusion bonded, including semiconductors such as GaAs, and 
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insulators such as diamond and sapphire. Also, tilt boundaries will result in parallel 
rows of edge dislocations, with analogous consequences. 

Thus, the results presented here can be generalized to a wide range of materials and 
5 crystallographic interfaces. Determination of atomic positions in the core of the dislo- 
cations require accurate form factor measurements including many higher order 
reflections which go beyond the present analysis, but is quite feasible for future 
studies. 

10 In a first embodiment the periodic strain field may be used as a template for a mete- 
orological calibration standard for Scanning Tunnelling Microscopy (STM), Atomic 
Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) in the 3-100 nm 
regime. Calibration standards in this regime are difficult to obtain; the lattice constant 
of standard crystalline materials are too small and most artificial structures have too 

15 large a lattice constant. A calibration standard can be accomplished by wafer 

bonding two Si{100) wafers with zero tilt at twist angles of 0, where 6 is in the range 
0.2^-7^. This results in a periodic dislocation network with lattice spacing given by 
equation (1). 

20 In order to be used as a calibration standard this periodic lattice must be transferred 
to the surface of one of the two crystals. After bonding, one of the two crystals 
must be thinned down to 1 GO nm or less, in order to allow the periodic strain field in 
the direction perpendicular to the bonded interface to extend to the surface of the 
thinned crystal. The thinning can be achieved by preparing one of the wafers with an 

25 H- implanted etch stop prior to bonding, and etching with standard etchants such as 
KOH to remove the silicon on one side of the interface down to the etch stop. As 
shown in table 1 the strain field has an exponential decay away from the interfaces 
with 1/e lengths of 1-30 nm, so the etch stop must have a comparable depth. 
Alternatively, chemical-mechanical polishing techniques could be applied to thin one 

30 of the wafers. Alternatively, thin membranes could be produced in one of the wafers 
prior to bonding, by chemical or physical etching techniques such as reactive ion 
etching. Roughness of the surface defined by the etch stop due to etching can be 
reduced, for example, by repeated oxidation and etching in HP. 
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When the periodic strain field penetrates to the surface, it can be made more easily 
detectable, for example by overgrowth of a suitable material, such as a metal. A ma- 
terial is chosen which shows preferential growth at sites with a specific strain, 
leading to a replication of the periodic pattern of the strain field in the overgrown 
5 material. A metallic overlayer would also have advantages for STM measurements, 
where the substrate must be conducting. The pattern will have the same periodicity 
as the underlying grain boundary, and can be imaged with the above mentioned 
scanning techniques. The period of the pattern is given by the twist angle between 
the two crystals as described in equation (1), and can be measured independently 

10 and extremely accurately by, for example. X-ray techniques, in order to provide a 
standard reference for the scanning probe techniques. The twist angle can be 
determined with accuracy better than 0.01 A single bonded wafer could produce 
hundreds of identical calibration standards for distribution by manufacturers of 
scanning probe systems to their customers. Owing to the two dimensional nature of 

15 the periodic strain field, the calibration standards could also be used for calibrating 
distortions that affect the relative scales of perpendicular axes in the scanned 
images. 

In a second embodiment the periodic strain field may be used as a template for 
20 growth of quantum dot lasers. The efficiency of such lasers depend on being able to 
produce a very high density of clusters of semiconductor material on a surface, the 
cluster size being in the nanometer range, and the clusters being nearly 
monodisperse. The optical properties of such clusters can be compared to artificial 
atoms with sharp absorption lines, and this has a number of advantages for laser 
25 fabrication in, for example, telecommunications applications. In particular, owing to 
the line spectra of such quantum dots, the wavelength of spontaneous emission of 
the dots is much more stable to temperature changes than so-called quantum wire or 
quantum well lasers. However, a key challenge in the fabrication of such dots by self 
organisation techniques has been the compromise between achieving a dense 
30 packing, and preventing clustering. 

Producing a periodic strain modulation at a free surface provides a way of controlling 
the cluster formation process by providing a periodic array of preferred nucleation 
sites as a template for overgrowth of quantum dots. The periodic lattice must be 
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transferred to the surface of one of the two crystals by the method described in the 
previous embodiment. 

After bonding, one of the two crystals must be thinned down to about 100 nm, in or- 
5 der to allow the strain field in the direction perpendicular to the bonded interface to 
extend to the surface of the thinned crystal. The thinning can be achieved by prepa- 
ring one of the wafers with an H- implanted etch stop prior to bonding, and etching 
with standard etchants such as KOH to remove the silicon on one side of the 
interface down to the etch stop. As shown in table 1 the strain field has an 
10 exponential decay away from the interfaces with 1/e lengths of 1-30nm, so the etch 
stop must have a comparable depth. Roughness of the surface defined by the etch 
stop due to etching can be reduced, for example, by repeated oxidation and etching 
In HF. 

15 When the periodic strain field penetrates to the surface, any oxide or contamination 
layer at this surface can be removed in vacuum by standard techniques such as high- 
temperature annealing and sputtering. Subsequently, deposition of semiconductor 
materials suitable for quantum dots, such as Indium Arsenide can be carried out, in a 
molecular beam epitaxy system or chemical vapour deposition system. Under suitable 

20 conditions of substrate temperature and deposition rate, the clusters will grow prefe- 
rentially at specific sites on the strained surface, which minimise the strain energy 
between the overgrown quantum dots and the substrate. In this way, a periodic 
pattern of quantum dots can be made. By varying the twist angle of the 
semiconductor wafers prior to bonding, the spacing of the quantum dots can be 

25 controlled, to achieve optimum density for a given mean quantum dot size. By 
varying the material the wafers are made of (e.g. silicon, gallium arsenide) the 
electronic state of the quantum dots, and hence their optical properties, can be 
controlled. After preparation of the quantum dots, a protective cap layer of 
semiconductor material can be deposited on the quantum dots to protect them from 

30 oxidation. Further electrical connections to provide injection of carriers can be 

fabricated by prior art methods. Injection of charge carriers is necessary to stimulate 
lasing. 



wo 01/00522 



18 



PCT/DKOO/00348 



In a third embodiment the periodic strain field may be used as a modulator of a 
buried quantum well layer, in order to form a quantum dot laser (described above). In 
this embodiment, it is not necessary to thin one of the wafers very accurately. 
Instead, prior to bonding, a quantum well structure is fabricated in one of the wafers, 
5 with a suitable thin protective layer. Such a quantum well structure consists of a 
nanometer-thickness layer of one type of semiconductor grown epitaxially on 
another, for example gallium indium arsenide on gallium arsenide, using standard 
techniques such as molecular beam epitaxy. The thickness of the thin protective 
layer is lOOnm or less, such that the periodic strain field generated at the interface 
10 between the two wafers can penetrate through the protective layer and modulate the 
quantum well. This strain modulation will have the effect of modulating the electronic 
band-structure of the charge carriers in the, creating periodic electronic structure 
analogous to an array of quantum dots. 

15 In prior art, such sub-surface modulation has been produced by growth of clusters at 
a free surface. This embodiment provides a more controlled technique, where by 
varying the twist angle of the semiconductor wafers prior to bonding, the spacing of 
the quantum dots can be controlled, to achieve optimum density for a given mean 
quantum dot size. After preparation, further electrical connections to the modulated 

20 quantum well can be fabricated by prior art. These provide a means to inject charge 
carriers in order to stimulate lasing. 

In a fourth embodiment the periodic strain field may be used as a template for 
growth of arrays of periodic magnetic nanostructures, for applications such as data 
25 storage. An important challenge in data storage materials is the fabrication of regular 
magnetic nanodomains that can be addressed individually. Self-organisation 
techniques for achieving this depend on a compromise between achieving a dense 
packing, and preventing clustering. 

30 Producing a periodic strain modulation at a free surface provides a way of controlling 
the cluster formation process by providing a periodic array of preferred nucleation 
sites as a template for overgrowth of magnetic nanostructures. The periodic lattice 
must be transferred to the surface of one of the two crystals by the method 
described in the first embodiment. 
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Again, after bonding, one of the two crystals must be thinned down to about 100 
nm, in order to allow the strain field in the direction perpendicular to the bonded 
interface to extend to the surface of the thinned crystal. The thinning can be 
5 achieved by preparing one of the wafers with an H- implanted etch stop prior to 
bonding, and etching with standard etchants such as KOH to remove the silicon on 
one side of the interface down to the etch stop. As shown in table the strain field 
has an exponential decay away from the interfaces with 1/e lengths of 1-30nm, so 
the etch stop must have a comparable depth. Roughness of the surface defined by 
10 the etch stop due to etching can be reduced, for example, by repeated oxidation and 
etching in HF, 

When the periodic strain field penetrates to the surface, any oxide or contamination 
layer at this surface can be removed in vacuum by standard techniques such as high- 

15 temperature annealing and sputtering. Subsequently, magnetic materials are 

deposited suitable for data storage, such as iron, cobalt, chromium, and alloys of 
such materials, using techniques such as molecular beam epitaxy system or chemical 
vapour deposition system. Under suitable conditions of substrate temperature and 
deposition rate, the clusters will grow preferentially at specific sites on the strained 

20 surface, which minimise the strain energy between the overgrown magnetic 

nanostructures and the substrate. Optionally, a buffer layer of one metallic material 
may be deposited prior to the active magnetic material, in order to optimise diffusion 
of the magnetic material. In this way, a periodic magnetic pattern can be made. By 
varying the twist angle of the semiconductor wafers prior to bonding, the spacing of 

25 the quantum dots can be controlled, to achieve optimum density for a given mean 
quantum dot size. 
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CLAIMS 

1 . A method for providing a substantially periodic pattern, said method comprising 
the steps of: 

5 

- providing a first group of crystalline elements being formed by the same mate- 
rial and having a predetermined first crystal axis, 

- providing a second group of crystalline elements being formed by the same 
10 material and having a predetermined second crystal axis being different from 

the first crystal axis, and 

- bringing the first and second group of crystalline elements into contact with 
each other. 

15 

2. A method according to claim 1 , wherein the material forming the first group of 
crystalline elements comprises a semiconductor material, such as silicon or gallium 
arsenide. 

20 3. A method according to claim 1 or 2, wherein the material forming the second 
group of crystalline elements comprises a semiconductor material, such as silicon or 
gallium arsenide. 

4. A method according to claim 1, wherein the materials forming the first and second 
25 group of crystalline elements comprise an insulator material, such as diamond or sap- 
phire. 

5. A method according to any of claims 1-4, wherein the first crystal axis differs 
from the second crystal axis by a twist angle 6, wherein 0 is within the range 0,1- 

30 10°, such as in the range 0,2-9°, such as in the range 0,3-8°, such as in the range 
0,5-7°, such as in the range 1-5°. 

6. A method according to any of claims 1-4, wherein the first crystal axis differs 
from the second crystal axis by a tilt angle (p, wherein (p is within the range 0,1-10°, 
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such as in the range 0,2-9°, such as in the range 0,3-8°, such as in the range 0,5-7°, 
such as in the range 1-5°. 

7. An article comprising: 

5 

- a first group of crystalline elements being formed by the same material and 
having a predetermined first crystal axis, 

- a second group of crystalline elements being formed by the same material and 
10 having a predetermined second crystal axis being different from the first crystal 

axis, 

wherein the first and second group of crystalline elements are adjacently positioned 
so as to form an interface region between the first and second group of crystalline 
15 elements, at least part of said interface region defining a substantially periodic 
pattern extending in at least one direction. 

8. An article according to claim 7, wherein the material forming the first group of 
crystalline elements comprises a semiconductor material, such as silicon or gallium 

20 arsenide. 

9. An article according to claim 7 or 8, wherein the material forming the second 
group of crystalline elements comprises a semiconductor material, such as silicon or 
gallium arsenide. 

25 

10. An article according to claim 7, wherein the materials forming the first and 
second group of crystalline elements comprise an insulator material, such as diamond 
or sapphire. 

30 1 1 . An article according to any of claims 7-10, wherein the first crystal axis differs 
from the second crystal axis by a twist angle 9, wherein 9 is within the range 0,1- 
10°, such as in the range 0,2-9°, such as in the range 0,3-8°, such as in the range 
0,5-7°, such as in the range 1-5°. 
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12. An article according to any of claims 7-10, wherein the first crystal axis differs 
from the second crystal axis by a tilt angle (p, wherein (p is within the range OJ-IC, 
such as in the range 0,2-9^, such as in the range 0,3-8*^, such as in the range 0,5-7**, 
such as in the range 1-5°. 

5 

13. A laser comprising: 

- an article according to any of claims 7-1 2, the article further comprising: 

10 - a material or a material system so as to form an array of quantum dots 

and/or quantum wires at or near the interface region, wherein the further ma- 
terial or material system distributes according to the substantially periodic 
pattern, and 

15 - means for providing a pump signal for pumping the material or material sys- 

tem so as to emit electromagnetic radiation. 

14. A laser according to claim 1 3, wherein the material or material system forming 
the array of quantum dots and/or quantum wires comprises a semiconductor 

20 material, such as gallium, arsenide or indium or any combination thereof. 

15. A laser according to claim 13 or 14, wherein the material or material system 
forming the array of quantum dots and/or quantum wires has a thickness smaller 
than 200 nm, such as smaller than 150 nm, such as smaller than 100 nm, such as 

25 smaller than 80 nm, such as smaller than 50 nm. 

16. A laser according to any of claims 1 3-1 5, wherein the material or material 
system forming the array of quantum dots and/or quantum wires is overgrown with 
an additional material, such as silicon or gallium arsenide. 

30 

17. A laser according to any of claims 13-16, wherein the pump signal comprises 
electromagnetic radiation. 
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18. A laser according to claim 17, wherein the electromagnetic radiation is in the 
radio frequency, visible or near-infrared range. 

19. A laser according to any of claims 13-16, wherein the pump signal comprises a 
5 direct and/or alternating electric current. 



20. A laser according to any of claims 13-19, wherein the emitted electromagnetic 
radiation is in the visible or near-infrared range. 

10 21. An object for calibrating an instrument, said object comprising: 

- an article according to any of the claims 7-12, wherein the substantially peri- 
odic pattern is transferred to a surface of the article. 

15 22. An object according to claim 21, wherein the transferring of the substantially pe- 
riodic pattern to the surface comprises removing at least part of the first or second 
group of crystalline elements by etching. 

23. An object according to claim 21, wherein the transferring of the substantially pe- 
20 riodic pattern to the surface comprises removing at least part of the first or second 

group of crystalline elements by chemical-mechanical polishing. 

24. An object according to claim 21, wherein the transferred substantially periodic 
pattern is adapted to hold an additional material, such as a metal. 

25 

25. An element for splitting an incoming beam into one or more outgoing beams, said 
element comprising: 



- an article according to any of the claims 7-12, wherein the incoming beam is 
30 incident on at least part of the substantially periodic pattern, said incoming 

beam having a first propagating direction, and wherein the one or more 
outgoing beams are reflected or transmitted by at least part of the substantially 
periodic pattern in one or more propagation directions being different from the 
first propagation direction. 
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26. An object for magnetically storing information, the said object comprising 

- an article according to any of the claims 7-1 2, wherein the substantially peri- 
5 odic pattern is transferred to a surface of the article, said transferred substan- 

tially periodic pattern being adapted to hold a plurality of magnetic structures so 
as to form a plurality of magnetic domains. 

27. An object according to claim 26, wherein the plurality of magnetic structures 
10 comprise iron, cobalt, chromium or any combination thereof. 

28. An object according to claim 26 or 27, wherein the plurality of magnetic struc- 
tures are arranged according to the substantially periodic structure. 

15 29. An object according to any of claims 26-28, wherein the plurality of magnetic 
structures are overgrown with a non-magnetic material. 
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strained crystal lattices where the period and thickness 
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and clean crystal wafers are placed in intimate contact 
at a specified twist angle and, if necessary, heated to 
obtain bonding between the two wafers. The two crystal 
lattices modulate each other, resulting in a moduladon 
near the interface between the crystal with a periodicity 
that is different from that of the crystal lattices. Hiis 
periodic modulation affects the electronic and structuial 
pn^>erties of the two crystals in the victruty of the 
iiUer£Boe. The modulation of the dectroaic properties 
leads to the fonnaticni of a highly regular quantum dot 
CH- quantum wire structures of controlled period near 
the crystal interface, with applications in electronics, 
optoelectrcmics and magnetic devices. The modulation 
of the crystal structure can be exploited for the formation 
of metrological standards in the 1-100 nanometer range, 
or gratings for diflfractive optic elements with grating 
periods in the same range. By transferring the periodic 
modulation to the free surfaKx of a crystal, it can l>c 
used as a template iot further growth of periodically 
mod u lated crystalline layers by evaporation techniques. 
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